Introduction
The study of time-dependent oscillator systems has received a great deal of attention both in classical and quantum mechanical studies.
In the usual quantum-mechanical treatment of these systems, a time-independent Hamiltonian is assumed, which must be obtained through the researchers. Some ( 4 ) claim that this Hamiltonian (accordingly the Schrodinger equation) describes a dissipative quantum system, while others ( 5 ) object to such an interpretation. From the viewpoint of group theory, Cervero et al ( 6 ) interpreted it to represent a variable frequency oscillator with minimum uncertainty.
The Feynman path integral formalism ( 7 ) provides a general approach to quantum systems. Montroll ( 8 ) transformed the original Feynman path integral into a Gaussian integral, and his method was applied by Cheng ( 9 ) to evaluate the propagator for a force4 harmonic system. Once the propagator suitable to a given system is obtained, the wavefunction of the system is easily calculated. However. even if the Schrodinger equption i l-: d through 1 the path integral or some other method, there remains the problem of secondquantization. In general, the Hamiltonian for the damped driven harmonic zzcillaror (DDHO) is not conserved and not identical to the total energy of zhe system, giving rise to much difficutly for developing a secondquantization formalism. However, second-quantization, if possible, is important in connection with the problem of finding invariants of a nonconserved system, and for obtaining the coherent states ( 1 0 ) of DDHO.
On the other hand, the optical properties of molecules are greatly altered when they are adsorbed cn or near a solid surface. In order to better understand the surface phenomena mentioned above, one must study at the quantum mechanical level the dynamical behavior and optical response of the molecules adsorbed on a solid (metal or dielectric) surface.
In this work, we present a study of the quantum mechanical properties of a molecule adsorbed on or near a dielectric plane surface. We represent the molecule as a polarizable point particle subject to a time-dependent external electric field. We do not consider the nuclear vibrations in this work. In Secc. ', is devoted LO second quantization and caicuiation of the transition probability between the harmonic oscillator states and damped driven harmonic oscillator states. In Sec. 6 we discuss the results.
Classical Equation of Motion for the Dipole Moment
We consider a molecule adsorbed on a dielectric plane surface with complex dielectric constant e and light beam incident from the vacuum side at an angle 6 with respect to the z-axis normal to the surface (xy-plane). The normal modes of the incident field satisfy Maxwell's equations subject to appropriate boundary conditions. The wave vector k of the field, which is assumed to be independent of frequency, is decomposed into a two-dimensional component kII parallel to the surface and a z-component perpendicular to the 
The dots indicate time derivatives, w0 is the oscillation frequency of the dipole charge, 0 is a natural damping constant which measures the linewidth in the optical processes, and a represent the effective molecular polarizability tensor of second rank. In Eq. (2-2) we neglected the magnetic effects on the dipole motion, and hereafter we set the permeability of the surface dielectric to be unity. At the molecular position (0,0,d) the primary field vector is calculated using the Fresnel formulas as
where the components of E 0 are given as
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Here kki is the magnitude of the wavevector, and w' is the angular frequency of the incident field.
The secondary field at the molecule position is expressed as a function of the induced dipole moment,
where G is the scattering part of the dyadic Green's function. (17, 18) s Equation (2-7) represents the self-polarization effect of the induced dipole.
The electric field emitted by the dipole at an earlier time t' interacts with the surface atom (or molecule), causing it to emit lights by polarization.
This emitted field by the surface atom (molecule) interacts with the adsorbed molecule at a later time t > t', adding an extra induced dipole moment, which emits radiation that polarizes the surface atom (molecule) again, etc.
Through these self-polarization processes, the secondary field yields a change in the linewidth and oscillation frequency of the dipole. Efrima et al In this manner, we obtain a modified classical equation of motion for the dipole moment,
As mentioned above, the self-polarization effects are absorbed within the modified damping constant y and modified frequency wm whose explicit forms are( 1 9 ) 7 -7 0 + Ys
is the Fourier transform of G (d;d;t-t') and A = /AAI
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Let us now introduce a coordinate system in which the effective polarizability tensor a is diagonal, a) ()xx + C V (W')q + a z(W)22 (2) (3) (4) (5) (6) (7) (8) (9) (10) X V Z where x, 9 and i are unit vectors along the coordinate axes. We assume that the molecule is isotropic and its dipole moment is directed toward the positive z-direction. In this case we can set n = z, and thus only the zcomponent of the primary field, which is given by Eq. (2-3) through (2) (3) (4) (5) (6) 
Here Qx -p, where Q is the average dipole charge, and m 0 is the mass of the molecule. The form of equation of motion (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) is the same as that of the usual damped driven harmonic oscillator, so that f is given as
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To avoid the complicated procedure of evaluating the wavefunction and other quantities involved, we have taken the real part of the driving force. The classical Lagrangian and Hamiltonian function corresponding to the equation of motion (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) are given, respectively, as -16) where p is the canonical momentum.
3. Propagator and Wavefunction (20) Recently Um et al have treated a quantum damped driven harmonic oscillator with the path integral method.
Following their formalism, we solve the Schrodinter wave equation
where the Hamiltonian operator R is obtained by making the replacement p -iV ax in Eq. (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . Adopting a Gaussian form for the propagator K,
which satisfies the wave equation
we obtain three first-order differential equations for the coefficents in the propagator. These differential equations are readily solved by the boundary condition that K reduces to the propagator for a damped harmonic ocsillator ( 2 1 ) when there is no driving force. Through the above procedure we obtain an explicit form for K,
where x -x(0) and w = y-/41* represents the reduced frequency, which will be assumed to be real throughout the present text. The coefficients in Eq. 3-4) are given as
The wavefunction, 0n(x,t), of the dipole moment at time t is obtained by the formula
where n (x 00) is the wavefunction of a damped harmonic oscillator with the reduced frequency w. Combining Eqs. (3-4) and (3-6), we obtain (x,t)
where~(
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From now on, we shall use the notation
for simiplicit; whenever there is no ambiguity. in obtaining the wavefunction we have used the identity
We find the following useful relations between the coefficients in the exponential terms of the wavefunction,
which are used in later calculations.
Energy Expectation Values and Matrix Elements of the Dipole Moment
Using the Lagrangian of Eq. (2-15), the mechanical energy operator of the system is easily obtained as
We note that above energy operator is not identical to the Hamiltonian A itself. A does not represent the total energy of the system, but rather is the generator of the motion of an energy-dissipative open system. (22) Equation (4- 
where This equation contains the diagonal element, which in fact is closely related to the parity problem of the wavefunction, as will be explained later.
However, the selection rule for the dipole transition between different states is Lm -±1. Combining Eqs. (3-9) and (4-2), we arrive at the following explicit form for the dipole matrix elements:
Second Quantization and Transition Probability
To obtain a second-quantization formalism for a molecular system adsorbed on a solid surface, we define two functions,
where D(t) and (t) have already defined in Eq. (3-8) (n(t) is not the same as the angle I in Eq. (2-14-b) ). Using the relation of Eq. (3-10), we obtain q(t) u*(t) -u(t) n*(t) = ix( (5-2) Thus we define the time-dependent annihilation and creation operators as
where B 1 (t), B 2 (t) and E(t) are defined in Eq. (3-8). We note that B 2 (t) -2B 1 (t) E(t) is pure imaginary. We shall hereafter use the notation of u(t) -u and q(t) -n. It is obvious that the non-Hermitian operators at(t) and a(t) satisfy the commutation relation [a(t) , at (t)] = 1 Bv the definition of Eq. (5-3), we get
x -u* a(t) + u at(t) + E
(5-5) p -n* a(t) + n at(t) -iX[B 2 -2B1El
Obviously x and p satisfy the relation [x,p] -iX. Now we set
Combining Eqs. (5-3) and Eq. (5-7), we obtain the time-dependent ground-state wave function 0 (x,t) = <xlO(t)> 
E22B
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H -e -t E op(5-10) op Equation (5-9) yields the same energy operator expectation values listed in
Eq. (4-2).
It is now straightforward to obtain the second-quantized form of physical quantities such as position, momentum, dipole moment operator, etc.
Let us find the relations between the time-independent operators at(t), a(t) and time-independent operators ata. The latter ones are simply defined for a simple harmonic oscillator as
Substitution of the above definitions into Eq. (5-3) yields a(t) 0 B 1 (t)a + 8 2 (t)at + 03(t)
where the coefficients are given by
We now find an explicit expression for the transition probability between two states Im(t)> and In(O)>, where In(O)> is a simple harmonic oscillator state given by Using Eqs. (5-6), (5-12) and (5-14), we get
where 10(t)> is the time-dependent ground state of the damped driven harmonic oscillator, given by Eq. (5-8). <m(t)ln(O)> represents the probability amplitude of finding the system in a state Im(t)> at time t, given that the system was in a state In(O)> at time zero. To calculate the right side of Eq.
(5-15), we need to rearrange the operators in normal order, which means that all the at's appear to the left of the a's. The normal-ordered arrangement is carried out by introducing a normal-ordering operator (2 3 ) N such that where a and a* are complex c-numbers. With this method, we obtain 
where (5-23), we obtain the probability amplitude as
The transition probability between the DDHO state Im(t)> and the simple harmonic oscillator state In(O)> is given by
(5-25)
Results and Discussion
We have modeled a molecule adsorbed on a dielectric solid surface as a damped harmonic oscillator driven by a time-dependent electric field, consisting of a primary and a secondary field. The Hamiltonian of this modeled system is not identical to the mechanical energy operator, showing a general characteristic of the Kalidola-Kanai-type Hamiltonian. The propagator of Eq. (3-4) has the same structure as that of Gerry (2 4 ) when there exists no driving force, and is similar to that of Dodonov et al. (4 ) The wavefunction of Eq. (3-7) has no definite parity, which can be easily seen from the matrix 2 elements of x and x <m(t)Ixln(t)> -/T u(t) 6 m,n+l + T/n u*(t) 6 m,n. I + E(t) 6 mn . 2in_>___n___2 2 m,n+2 n--) u* 2(t)6 <m(t)IX In(t)> -I(n+l)(n+2) u (t) 6 ~+ + n I ) 2*(0 m,n-2
If 0m (x,t) and 0n (x,t) have definite parity and both have the same (even or odd) parity, <m(t)Ixjn(t)> must be always zero, while if they have opposite parities, <m(t)Ix 2n(t)> must vanish. Equations (6-1) and , however, do not satisfy this rule. This property of the wavefunctions does not result from the decay characteristic of the system, but from the interaction between the system and the driving force, because the wavefunction of a damped (not driven) harmonic oscillator has a definite parity. 
The first term in Eq. shows the decay of the quantum state, and the second term represents the energy absorption from the external field; these processes are related to the lineshape in optical phenomena. When there exists no driving force (g(w',9) = 0), Eqs. (6-3) and reduce to those of a damped harmonic oscillator. (2 6 ) Hence, we can say that for a damped The method adopted in Sec. 5 to calculate P m,n(t) is different from that (20, 27) of others, and Eq. (5-24) is of a new form. In practice, however, it is a formbidable task to get the transition probability, Pmn' from Eq.
(5-24 where we have used the approximation D -a 0 exp(-yt/2), since in a real system W 0 and y << w.
Here we note that the transitions should occur on a time scale shorter than the system damping time where this form is related to the lineshape in optical phenomena. Application of the results in this work to optical phenomena on a dielectric surface, to finding the coherent states (28) and to the time-dependent invariant (29) problem will be left for further study.
